Abstract The trophodynamics of pelagic and benthic animals of the North Sea, North Atlantic shelf, were assessed using stable isotope analysis (SIA) of natural abundance carbon and nitrogen isotopes, lipid fingerprinting and compound-specific SIA (CSIA) of phospholipid-derived fatty acids (PLFAs). Zooplankton (z), epi-and supra-benthic macrofauna were collected in the Southern Bight, at the Oyster Grounds and at North Dogger, 111 km north of the Dogger Bank. The study included 22 taxonomic groups with particular reference to Mollusca (Bivalvia and Gastropoda) and Crustacea. Primary consumers (Bivalvia) were overall most 15 N enriched in the southern North Sea (6.1%) and more depleted in the Oyster Grounds (5.5%) and at North Dogger (2.8%) demonstrating differences in isotopic baselines for bivalve fauna between the study sites. Higher trophic levels also followed this trend. Over an annual cycle, consumers tended to exhibit 15 N depletion during spring followed by 15 N enriched signatures in autumn and winter. The observed seasonal changes of d 
fingerprints of groups such as z were distinct from benthic groups, e.g. benthic ffs and dfs, and predatory macrobenthos. d 13 C PLFA signatures indicated similarities in 13 C moiety sources that constituted d 13 C PLFA . Although functional groups of pelagic zooplankton and (supra-) benthic animals represented phylogenetically distinct consumer groups, d
13 C PLFA demonstrated that both groups were supported by pelagic primary production and relied on the same macronutrients such as PLFAs. Errors related to the static categorization of small invertebrates into fixed trophic positions defined by phylogenetic groupings rather than by functional feeding groups, and information on
Introduction
The North Sea is a marginal sea of the North Atlantic Ocean on the north-western European Shelf. Biological regime shifts have occurred over recent decades (van Beusekom and Diel-Christiansen 2009) , in response to environmental factors. This has resulted in, inter alia, climate-induced shifts in the biogeography of fish (Beare et al. 2004; Perry et al. 2005; Callaway et al. 2007) , and in the abundance and seasonality of plankton organisms (Pearce and Frid 1999; Lindley and Batten 2002; Attrill et al. 2007; Kirby et al. 2007; Richardson 2008) . In the North Atlantic and adjacent seas, crustacean zooplankton (z) and particularly Copepoda are important vectors of macronutrients such as polyunsaturated fatty acids (PUFA) from phytoplankton to higher trophic levels and influence the recruitment success and stock size of commercially important fish (St. John and Lund 1996; Beaugrand et al. 2003; Brett et al. 2009 ). Among the Copepoda are species such as Calanus spp., which form the key links between the pelagic primary producers and the microbial food web, and between primary producers and higher trophic levels (Williams et al. 1994; de Laender et al. 2010) .
Less attention has been paid to suprabenthic animals that, because of their size and complex lifestyles, are not readily collected using conventional beam trawls or plankton nets leading to underestimated abundances. The suprabenthos consist of mobile bottom-dependent animals (mainly smallsized Crustacea from the superorder Peracarida including diverse orders such as Amphipoda, Cumacea and Mysida) which perform, with varying amplitude, intensity and regularity, seasonal or daily vertical migrations into the water column (Brunel et al. 1978; Mees and Jones 1997; Vallet and Dauvin 2001) . Like Copepoda, suprabenthic animals are important prey items for pelagic predators (p) (e.g. Scyphozoa) and demersal fish (Hamerlynck and Cattrijsse 1994; Hostens and Mees 1999; Pitt et al. 2008) . As particulate organic matter (POM) contains sinking aggregates of phytoplankton, other microplankton, z moults and fecal pellets, the sedimentation of this material forms an important flux of energy to the benthic domain (Newell 1984; Graf 1989) . By resourcing macronutrients such as carbon and nitrogen as well as lipids from suspended or deposited organic matter, suprabenthos play a central role in trophodynamics by linking benthic detritus-based food webs with the pelagic food web. Coined benthic-pelagic coupling, the concept acknowledges the existence of return pathways due to the processing of POM in the seafloor and exchange with the water masses above, with biological and geochemical significance for the benthic and pelagic domains (Prins and Smaal 1990; Asmus and Asmus 1991; Raffaelli et al. 2003) . Moreover, since suprabenthos tend to thrive in areas where commercial fisheries have removed predatory fish and so reduced top-down control on the suprabenthic fauna (McQuinn 2009) , suprabenthic animals may be of particular trophodynamic importance in the North Sea, an area known for its high fishing pressure. Despite putative changes in abundances and relative trophic positions (RTPs) due to biological regime shifts, little is known about most small invertebrates and suprabenthic animals in terms of their food preferences and potential role in benthic-pelagic coupling.
Natural abundance 13 C: 12 C and 15 N: 14 N isotope ratios (henceforth d 13 C and d 15 N) are now common tools for studies of food webs in aquatic ecosystems, because comparisons of stable isotope abundances of animals with that of their food sources allows some elucidation of trophodynamics and macronutrient fluxes (Michener and Kaufman 2007 (Jennings and Warr 2003) . Previous isotope studies of the North Sea food web determined d 13 C and d 15 N mainly of macrofauna (Jennings and Warr 2003; Christensen and Richardson 2008; Gentsch et al. 2009 ) and prey of apex p such as seabirds and mammals Das et al. 2003 ; Käkela et al. 2006) , animals for which ecological niches are generally accepted. The few studies to specifically apply stable isotope analysis (SIA) to suprabenthic animals have been conducted in the Mediterranean and indicated high degrees of speciesspecific and functional complexity Madurell et al. 2008; Fanelli et al. 2009a Fanelli et al. , b, 2011 ).
An alternative approach to studying carbon transfer is the analysis of phospholipid-derived FA (PLFAs), which potentially reveals time-integrated information on consumer diets (Canuel et al. 1995; Dalsgaard et al. 2003; Iverson et al. 2004; Bergé and Barnathan 2005) . Some FA cannot be produced de novo by animals and are thus required from their diet to maintain cell membrane integrity, whereas the abundances of some important structural PLFAs are kept relatively constant (Brett et al. 2009; Kürten unpublished data) . Among the essential FA sources are primary producers such as Bacillariophyceae which usually contain higher amounts of FA with 16 carbon atoms and higher amounts of the PUFAs eicosapentaenoic acid [EPA, ]. Dinophyceae contain higher amounts of FAs with 18 carbon atoms and tend to have larger amounts of docosahexaenoic acid [DHA, ] (Kates and Volcani 1966; Chuecas and Riley 1969; Viso and Marty 1993) . Furthermore, FAs provide valuable information on consumer diets due to their sensitivity for bacteria and microalgae as a food source (Boschker and Middelburg 2002; Van den Meersche et al. 2009 ). Despite decreasing signal strength towards higher trophic levels (Iverson 2009 ), FA ratios help to assess consumer diets. For instance, animals with a ratio DHA:EPA \1 have been associated with a Bacillariophyceae-based diet, while increasing ( P 18:y):( P 16:y) ratios tend to point to Dinophyceae and other mixotrophic flagellates as food sources (Dalsgaard et al. 2003) . Other FA ratios such as that of [18:1(n -9)]:[18:1(n -7)] have been used to distinguish carnivores and herbivores (see e.g. Graeve et al. 1997; Cripps and Atkinson 2000; FalkPetersen et al. 2000; Auel et al. 2002; Stübing and Hagen 2003) , and the FAs 20:1(n -9) and 22:1(n -11) are typical components of calanoid Copepoda (Lee et al. 1971; Graeve et al. 1994; Hagen and Auel 2001) . Given such knowledge, compound-specific SIA (CSIA) of PLFAs (d 13 C PLFA ) provides a sensitive method for studying trophodynamics and carbon fluxes at the base of the food web.
This study is based on a stable isotope ecological approach to the study of benthic and pelagic food webs in the North Sea, with particular emphasis on the isotopic compositions of bulk tissues (d 13 C, d 15 N) and PLFAs (% of PLFA total and d 13 C PLFA ). Using a combination of sampling gears (Niskin bottles, plankton nets, suprabenthic sled, beam trawls, sediment corer), POM and animals from a range of ecological niches and functional feeding groups, including primary consumers such as Bivalvia, Gastropoda and Hydrozoa, z and suprabenthic animals, and epibenthic p and scavengers (s), were collected at three sites in the North Sea. We hypothesized that literature-based functional feeding groups, such as deposit-(dfs) or filter feeders (ffs), have high similarity in isotopic and PLFA compositions and that differences among these groups provide an alternative way to differentiate ecological niches rather than taxonomic aggregation for potential factorization in numerical ecosystem models. We also hypothesized that seasonal and spatial differences among sampling sites influence the isotopic composition of primary consumers as well as of higher trophic levels.
Materials and methods

Study area
The present investigation took place during the ''Marine Ecosystem Connections-Essential indicators of healthy, productive and biologically diverse European Shelf Seas'' research project lead by the Centre for Environment, Fisheries, and Aquaculture Science (CEFAS). During seven cruises on RV Cefas Endeavour, animals were collected at three sites of contrasting hydrography (Fig. 1) . The Sean Gas Fields (53°9.8 0 N, 2°48.6 0 E) are situated in the Southern Bight (maximum depth *28 m), the semi-depositional Oyster Grounds (54°24.6 0 N, 4°2.6 0 E, maximum depth *45 m) are situated in a transition zone between the Southern Bight and the seasonally stratified area further north. The North Dogger site (55°41.0 0 N, 2°17.2 0 E, depth *85 m) was 111 km north of the Dogger Bank. Chemical-oceanographic data are shown in form of annual mean values (±SD) for the three sites (Table 1 ). The cruises took place in winter (20-27 February 2007 , 16-22 January 2008 , during and after the spring phytoplankton bloom (17-25 April, 16-23 May 2007 and 21-30 April 2008) , and during and after the autumn phytoplankton bloom (13-20 September 2007 , 26-03 October/November 2007 . The cruise in February 2007 was prior to the spring phytoplankton bloom at all sites.
Sample collection
Niskin bottles (10 and 30 L) attached to a CTD rosette sampler was used to collect samples of surface water at night for measurements of POM. Mesozooplankton (referred to as z hereafter) and debris (plastics) were excluded by passing the water through a 60 lm Nitex Ò mesh. The seawater was filtered immediately using 25 mm glass frit columns. Volumes of seawater filtered varied depending on seston concentrations (Vol.: 0.5-3 L). POM was retained on pre-combusted (5-8 h, 500°C), pre-weighed glass microfiber filters (GF/F, nominal pore size 0.7 lm, Whatman, UK). Whenever possible, sample collection included a minimum of six filters. Filters were wrapped in hexane-wiped aluminum foil cuttings, stored in petri dishes, blast frozen to -28°C and stored at -80°C in the laboratory.
Z were collected by vertical tows of ring nets (Ø 1 m, 200 lm Nitex Ò mesh, non-filtering cod end, 2-4 m above the bottom to the surface) and North Sea NE Atlantic Ocean Fig. 1 Bathymetric chart of the North Sea and the three study sites situated in the Southern Bight (SB), at the Oyster Grounds (OG) and north of the Dogger Bank (ND) 10-20 min long double-oblique ring net tows through the surface mixed layer (Ø 2 m, 1,000 lm Nitex Ò mesh; 1-1.5 kN over bottom). Animals were rinsed off the sampling nets with seawater, washed through 4 mm sieves removing large gelatinous forms and debris. Z were kept in containers (15 L) filled with fresh seawater allowing gut evacuation for 30-60 min. Afterwards z were concentrated on 20 lm Nitex Ò mesh, washed with GF/F filtered seawater into glass jars and immediately blast frozen to -28°C; and stored at -80°C at the laboratory.
Suprabenthic fauna were collected with a slightly modified suprabenthic sled after Sorbe (1983) towed along the seabed at 1-2 kN. Two sets of two superimposed nets were fitted on the sled and sampled the water layer from 0 to 50 cm (lower nets, 2 9 500 lm Nitex Ò mesh) and from 50 to 100 cm (upper nets, 1 9 500 lm mesh, 1 9 200 lm mesh) above the sea-floor. An opening-closing mechanism avoided pelagic catches (Sorbe 1983) . The most abundant suprabenthic species were picked on board from live samples using a stereo-microscope and immediately blast frozen to -28°C, and stored at -80°C in the laboratory.
Benthic epifauna were collected by beam trawling (stretched mesh size 0.4 cm, bottom chain mat, 0.2 cm mesh liner, height 50 cm, width 2,000 cm; towing speed: 1.5 kN). Catches were sorted and blast frozen to -28°C when immediate dissection was not possible.
In September 2007, adult specimens of Tubularia bellis (Syn. Ectopleura larynx, Hydrozoa) were removed from the surface of an in situ monitoring system (SmartBuoy) deployed at ND during the cruise in May 2007.
Sediment fauna were collected using a Royal Netherlands Institute for Sea Research (NIOZ) cylindrical sediment corer (inner diameter 32.2 cm, core depth approx. 50 cm). At least three cores were collected per site per cruise. The sediment was washed with a moderate seawater flow through 1 mm stainless steel sieve (sieve area: 1 m 2 ). Animals were collected from the sieve and prepared for SIA together with the epifauna.
Sample preparation
After freeze-drying, POM filters were randomly assigned to three sets, one of which was kept as back-up. One set was exposed to HCl fumes in a glass desiccating cabinet under light vacuum for 24 h to remove inorganic carbonates prior to bulk d 13 C POM SIA. One set was not acidified and was used to derive d 15 N POM values. Samples were then stored in desiccating cabinets until they were analyzed.
Macrofauna were identified to the lowest practical taxonomic level. On board, body sizes were measured to the lower whole mm and specimens were grouped by size, using total length for fish, carapace width for Source Cefas (unpubl. data) Biogeochemistry (2013) 113:189-212 193 crabs, carapace length for other Crustacea, and shell height at its largest circumference for Mollusca. Sizes of z and suprabenthic animals (see below) were not measured. Sampled tissue types were dorsal white muscle tissue for fish, chelae or pleon muscle tissue for larger Decapoda, adductor muscle for Bivalvia, foot muscle for Gastropoda, or whole animals when dissection of small animals was not feasible, or due to poor sea state. Equal amounts of tissue from several specimens of each species were rinsed with ultrapure water (UPW) and placed in 48 9 26 mm glass vials. The glass vials were blast frozen to -28°C until storage at -80°C was possible in the laboratory. Tissue samples were prepared as composite samples, depending on body mass and availability, to minimize errors due to intra-species variability in isotopic signatures. Use of tissue homogenates derived from a number of specimens per species (usually more than 10-20 specimens) for each sample increased the total number of taxa studied, but resulted in lower analytical replication at the species level. Z and suprabenthic animals were sorted under a stereo-microscope to the lowest practical taxonomic level. Ten different z taxa, representing a range of feeding strategies, were picked for bulk SIA including herbivorous, omnivorous and carnivorous Copepoda (order Calanoida, eight species), one raptorial p (Sagitta elegans, Chaetognatha) and a complex of zoea larvae (Decapoda, Brachyura). Usually, adult females (Copepoda), adults regardless of gender (S. elegans), and zoeae were picked, cleared of attached algae and detritus and sorted. The sorting dishes were placed on freeze packs and filled with chilled GF/F filtered seawater. Depending on body mass and availability, 5-150 animals per sample were briefly washed in UPW and placed in acetone-rinsed Sn capsules (5 9 8 mm, Elemental Microanalysis Ltd., UK). Samples were prepared in triplicates whenever possible, oven-dried (60°C, 24 h), folded, and stored in desiccating cabinets prior to bulk SIA. For CSIA, aliquots of z specimens were pipetted onto precombusted (8 h, 500°C), pre-weighed GF/F filters, briefly rinsed with UPW, lyophilized (Thermo Electron Modulyo D, Thermo Electron Corporation, UK), and stored at -80°C pending lipid extraction.
Macrofauna samples were lyophilized and ground to a fine powder using pestle and mortar or with a ball mill (MM301, Retsch, FRG). For bulk SIA *1 mg of powder was placed and weighed in acetone-rinsed Sn capsules (5 9 8 mm), which were folded and stored in desiccating cabinets prior to SIA. Lipid extractions and acidification (to remove carbonates) prior to bulk SIA were not done for small animals (z, suprabenthos and macrofauna), largely because the removal of lipids from small organisms creates uncertain changes in isotopic composition (Madurell et al. 2008; Mintenbeck et al. 2008; Fanelli et al. 2009a, b) and would make it difficult to compare our results with those from other studies. The carapace and cephalothorax, including the hepatopancreas, were removed from larger Crustacea, as they often contain more carbonates in their chitin compared to smaller forms. 13 C -14.3%) was used after every 5th unknown sample as an internal standard and calibrated with IAEA-N1 and IAEA-N2 once a month. The stability of the instrumentation, analytical precision, drift correction and linearity performance was calculated from the repetitive analysis of the peptone standard and, if necessary, corrected for. No blank correction was applied. The standard deviation for replicate standard samples was \0.2% for both isotopes.
Three analytical batches of animal samples were analyzed using a ThermoElectron Delta XP Plus connected to a Costech ECS 4010 elemental analyzer (NERC Life Science Mass Spectrometry Facility, East Kilbride, UK). Calibration of internal laboratory standards (Alanine, Tryptophane, and gelatin) was carried out against three international standards with known isotopic composition: ammonium sulphate [(NH 4 ) 2 SO 4 , USGS 25, IAEA-N1, IAEA-N2] for nitrogen, polyethylene (IAEA-CH-7), graphite (USGS-24) and sucrose (IAEA-CH-6) for carbon, and casein for both carbon and nitrogen. Internal standards were used every 10th and 11th sample to calculate analytical precision, drift correction, and linearity performance from the repetitive analysis.
The standard deviation for replicate samples was \0.3% for both isotopes.
A study-internal reference standard was created from Gadus morhua (Gadiformes; dorsal muscle, 37 cm total length). Aliquots of this standard were included several times in all analytical batches. Repetitive analyses of internal reference standards provided support for comparability of SIA data from the two different IRMS. Furthermore, inclusion of the same standard material used in the inter-laboratory comparison conducted by Mill et al. (2008) provided additional support for the validity of the results of the present study.
Lipid extraction and CSIA of PLFAs All faunal groups were analyzed for compoundspecific stable isotopes. Lipid extraction, separation of the polar lipid fraction, FA derivatization and mass spectrometry was done using the method described by Boschker et al. (1999 Boschker et al. ( , 2005 . In brief, samples were lyophilized and total lipids were extracted from whole filters according to a slightly modified Bligh and Dyer (1959) method in a mixture (1:2:0.9/v:v:v) of chloroform, methanol and UPW, by shaking the extraction tubes (100 rpm, approx. 2 h). Total lipid extracts were separated into polarity classes on heat activated (120°C, 2 h) silicic acid gel columns (Silicic acid gel 60, 0.063-0.200 mm) by sequential elution with 7 mL chloroform (neutral lipid fraction), 7 mL acetone (most pigments) and 15 mL methanol (polar lipid fraction). Derivatisation of polar lipid fractions by mild alkaline transmethylation yielded FA methyl esters (FAMEs). FAME compositions and d
13 C values were determined on a gas-chromatograph-combustion interface IRMS (GC-c-IRMS; Hewlett Packard G1530 GC; polar BPX-70 column 50 m, 0.32 mm diameter, film thickness 0.25 lm, SGE054607; Type-III combustion interface; ThermoElectron Delta Plus). Individual FAMEs were identified by comparisons of relative retention times to known amounts of internal reference standards (FAs 12:0, 19:0) . Other alkane reference mixtures were included to check for accuracy of isotopic determinations (FA 12:0 = -27.96 ± 0.04%, N = 445; FA 19:0 = -30.76 ± 0.10%, N = 447; mean ± SE). Values for d 13 C PLFA were calculated from FAME data by correcting for methyl carbon moieties added during derivatization, using the equation: Tillin et al. 2006 ). Z and suprabenthic taxa (h) were assigned collectively to separate groups. Where no information was available, a functional feeding group of a taxonomically close relative was assigned. To quantify the proportional contribution to the diet of a consumer by multiple food sources, mixing models were used Gregg 2001, 2003) . However, such models require isotopic baselines for primary producers and/or the primary consumers, and these were not readily available despite detailed evaluations of POM bulk stable isotopes and CSIA of algal and bacterial biomarkers (Kürten 2010) , and due to unknown trophic levels of some animals. Clarke and Gorley (2006) using Primer 6. SIA data were normalized and transformed into a Euclidean dissimilarity matrix for multidimensional scaling (MDS). Stress levels indicated a measure of the 'goodness-of-fit'. Data criteria were valid for this analysis with no upper-bound values of the isotopic descriptors and as data reflected more absolute rather than relative abundances (Jackson 1993) . Cluster analysis was used to display similarities among isotopic signatures between functional feeding groups. PLFA concentrations were expressed as a percentage (%) of PLFA total and log 10 transformed to produce a Bray-Curtis index of similarity matrix for subsequent assessment of the similarity by MDS. Log 10 transformation produced a reverse distortion of high outlying values so that relative differences in value were reduced for high values (Michie 1982) . Lipid d 13 C PLFA data were arranged in a Euclidean distance matrix. Cluster analysis identified similarities in relative abundance and isotopic signatures between groups. One-way analyses of similarities (ANOSIM) with functional feeding group as a factor were used to test hypotheses about differences between PLFA fingerprints and bulk SIA and d 13 C PLFA signatures. Table 2 with reference to their taxa. The data is presented for a large number of taxa including fish, crustaceans, anemones and molluscs commonly occurring in the North Sea. Bulk d 13 C and d 15 N signatures among many functional feeding groups of benthic macrofauna (Fig. 2) overlapped. The magnitudes of deviation from the mean d 13 C and d 15 N signatures of POM corroborated the notion that POM isotopic signatures ''plus a few %'' did not represent a good isotopic baseline for macrofauna (Fig. 2a, b) . Mean d 15 N of z, ffs, sfs, dfs and ssdfs were depleted by *1% relative to POM at North Dogger and in the Southern Bight (Fig. 2a, c) . Values for d 15 N suggest that o, p and s were potentially feeding on the benthic food web (Fig. 2) . Values for d 13 C indicated, in general, that o and s relied on benthic consumers as a dietary carbon source (Fig. 2) .
Results
Bulk
Spatial variability
Differences in hydrodynamic regime and isoscapes between the three main study sites were reflected in the isotopic composition of filter feeding Bivalvia. There was a significant effect of sampling site on the 15 N enrichment of Bivalvia (one-way ANOVA, F (2, 108) = 41.104, p \ 0.000), with a d
15 N Bivalvia at North Dogger of 6.6 ± 0.3% (mean ± SE, see Fig. 2a ) being significantly different from d
15 N Bivalvia at the Oyster Grounds site (8.9 ± 0.2%) and the Southern Bight (9.5 ± 0.2%). Bivalvia d 13 C signatures were also significantly different between sites (one-way ANOVA, F (2, 108) = 34.090, p \ 0.000) with the largest 13 C enrichment at the Southern Bight (-17.0 ± 0.2%; mean ± SE, see Fig. 2b 
Temporal variability
Seasonal variability of d 15 N (Fig. 3a) was low for ffs, and larger for dfs, sfs and z. Over an annual cycle, consumers tended to exhibit 15 N depletion during spring followed by somewhat enriched d
15 N values in autumn and winter. In contrast, relatively small changes in d 13 C (Fig. 3b) 
Crustaceans
Crustaceans, present in z, suprabenthos and macrobenthos samples, were the most frequently collected taxon accounting for 48 families and a wide range of d 13 C and d 15 N (Fig. 4) . The most 13 C depleted z taxa (see Fig. 4 for family numbers indicated here) were the Calanoida Candacia armata (6), Pseudocalanus elongatus (10) and Calanus spp. (3; Fig. 4 ). The df Campylaspis rubicunda (34; Cumacea) was the most 13 C enriched taxon among the Crustacea, although the 13 C enrichment may partially be explained by the lack of sample acidification prior to SIA. 15 N values of A. islandica were -18.7 ± 0.2 and 7.0 ± 0.3%, respectively (mean ±SE), n = 28, see also Table 2 ). At the Oyster Grounds, the sf Turritella communis (Gastropoda) and the ff A. echinata (Bivalvia) had very similar d
15 N values *7.9-8.8%, but T. communis tended to be on average 13 C enriched by 0.6%. Among the burrowing macrofauna were the sfs Spisula solida (Bivalvia) and the predatory Corystes cassivelaunus (Decapoda). Both species were found in the Southern Bight and Oyster Grounds and were more 13 C enriched in the Southern Bight than at the Oyster Grounds with a difference in d 13 C for C. cassivelaunus of 1.9% and S. solida of 3.1% between the two sites. Mobile s and fish exhibited high 15 N-based RTPs (North Dogger: Myxine glutinosa, Agnatha, Myxiniformes; RTP = 5.5; Oyster Grounds: Eutrigla gurnardus, Actinopterygii, Scorpaeniformes; RTP = 5.6; Southern Bight: Scyliorhinus canicula Elasmobranchii, Carcharhiniformes; RTP = 5.5), although the highest RTPs in the present study was that of the omnivorous Processa nouveli subsp. holthuisi (Decapoda; RTP = 6.3). Body size was a weak predictor of RTPs N values (mean ± SE) of POM and functional feeding groups at a North Dogger, b the Oyster Grounds, and c in the Southern Bight of the North Sea (z zooplankton; for benthic macrofauna, df deposit feeder, ff filter feeder, o omnivores, p predators, s scavengers, sf suspension feeder, ssdf subsurface deposit feeder) functional feeding groups see Table S1 ). Sfs and ssdfs mostly formed one subgroup, which together with ffs were significantly different from z (Table 3) . P, o and s tended to be isotopically different from other consumers (Fig. 5) , however, Oyster Grounds and Southern Bight o were more similar to sfs and ssdfs (Table 3) . At the North Dogger site, d
13 C and d 15 N of o and p were different from those of sfs and ssdfs (Table 3 ). There was no significant difference between df, sf and ssdf at all sites (Table 3) .
PLFA fingerprinting (Fig. 6a) supported the cluster separation suggested by bulk SIA (Fig. 5) , increasing confidence in the use of functional feeding groups employed during the present study. Z PLFA compositions were significantly different from those of most other functional feeding groups (cluster II) and separate from benthic sfs, dfs and ffs (cluster III, mainly Bivalvia; Fig. 6a ; Table 3 ). Predatory fauna associated with the seafloor (cluster I) showed large similarity in PLFA abundances (Fig. 6a) , but only moderate overlaps in their respective d 13 C signatures (Fig. 6b) . Moreover, d 13 C PLFA data did not allow the division into the same clusters with comparable accuracy, but documented similarities in 13 C sources as far as they are represented by their d 13 C PLFA . There were no statistical differences between d 13 C PLFA of benthic sfs and ffs (cluster IV), but both functional feeding groups were clearly separated from z and suprabenthic animals (cluster V; Fig. 6b ). Despite considerable overlap in d 13 C PLFA of some z with benthic p (cluster VI; Fig. 6b ), z and suprabenthos were statistically separated from ffs, whereas suprabenthos and p were not separated according to d 13 C PLFA (Table 3) . Overall, ANOSIM indicated similar 13 C source material for pelagic z, suprabenthic animals, dfs and sfs (Table 4) .
Indications from PLFA analysis and CSIA Overall, animal d 13 C of PLFAs varied widely from -39.9 to -10.4%, whereas concentration-weighted mean d 13 C PLFA ranged from -28 to -16%. Structural Biogeochemistry (2013) 113:189-212 199 FAs such as the saturated FA 16:0 and the PUFAs EPA and DHA were usually the most abundant structural PLFAs recorded in Bivalvia and suprabenthic animals. The FAs 20:1(n -9) and 22:1(n -11) occurred in small amounts in Bivalvia such as Aequipecten opercularis and in the Crustacea Schistomysis ornata (Mysidaceae; data not shown). Witbaard (1997) ], with a 13 C depletion of monounsaturated FAs to -28.1% and of the FA 20:4(n -6) to -32.6%. Among the Bivalvia, higher DHA:EPA ratios indicated Bacillariophyceae were less important in the diet of A. islandica (2.4), C. galliana (2.5), and S. solida (1.9) compared to Pseudamussium septemradiatum (0.9; Bivalvia) and A. opercularis (1.2; Fig. 7a) . A high degree of carnivory of Erythrops elegans (Mysida) was supported by its higher [18:1(n -9)]:[18:1(n -7)] ratio ( Fig. 7b) and by its relatively high bulk d (Fig. 4, Family 33 ).
Discussion
The present study characterized the isotopic composition of animals from a wide range of ecological niches using complementary information from bulk SIA ( N (mean ± SE) for Crustacea sampled at all three study sites, and aggregated to families indicated by numbers 1-48. Diastylidae (Cumacea) were assigned to two functional groups: sfs and dfs Biogeochemistry (2013) 113:189-212 201 taxonomic divisions. The overall mean value of d 15 N POM value of 8.9% (grand mean across all sites) of the present study closely matched previous reports from the North Sea (Mariotti et al. 1984; Middelburg and Nieuwenhuize 1998; Middelburg and Herman 2007) . However, large standard errors showed that (Jennings and Warr 2003) . The present study included 22 taxonomic groups with emphasis on Mollusca (Bivalvia and Gastropoda) and Crustacea, of which the latter were the most diverse taxon, including 9 Copepoda, 22 Amphipoda, 6 Cumacea and 6 Mysidae species not studied before in a general food web context in the North Sea. The suprabenthic species discussed in this study represented a small collection of more easily selectable species out of a highly diverse suprabenthic community, of which only little is known. Suprabenthic animals, as part of the diet of demersal predators, are likely to play an important role in mediating the transfer of carbon and nitrogen between the pelagic and benthic detritus-based food webs and higher trophic levels. Using at least two main sources of food, benthic macronutrients and macronutrients derived from pelagic primary producers, and due to their behavior patterns, large abundances, small sizes and functional redundancy, suprabenthic animals therefore appear to carry out an important functional role in the North Sea food web. By linking the detritus-based ns Not significant, nd no data, df deposit feeder, ff filter feeder, o omnivore, p predator, s scavenger, sf suspension feeder, ssdf subsurface deposit feeder, z zooplankton R statistics: *significant at p \ 0.05, **significant at p \ 0.001 Biogeochemistry (2013) 113:189-212 203 food web to higher trophic levels, similar to z which exhibits seasonal changes in predation strength on the microbial food web (Kürten et al. 2011) , similar seasonal changes in the macronutrient flux trough the suprabenthic community can be expected.
Characterization of functional feeding groups
Bulk d 13 C and d 15 N signatures were generally consistent with literature-based estimates of functional feeding groups, as visualized in MDS plots (Fig. 5) . Phylogenetically distinct animals grouped together, but similarities in d 13 C and d 15 N and PLFA compositions also showed groupings by functional role, indicating that bulk SIA data allows general conclusions about ecological niches and trophodynamic roles without precise knowledge of the diet of individual taxa. Similar d 13 C PLFA signatures further supported similarities in main food sources among these consumer groups (Fig. 6b ) and suggested common carbon sources for z, suprabenthic animals, dfs, sfs and o.
The observation of smaller seasonal d 15 N changes of ffs relative to other functional feeding groups (Fig. 3a) could be related to different trophodynamic functions. However, df, sf and subsurface sf showed similar bulk isotopic signatures (Table 3 ), suggesting that all three groups rely on the same macronutrient sources.
It appears likely that ffs-through their capacity for selecting phytoplankton over non-living seston components for their diet-are less influenced by inherent seasonal heterogeneity of d 15 N POM than species that rely on deposited materials. Thus, at seasonal scales, the separation between detritivorous fauna with more ns Not significant, df deposit feeder, ff filter feeder, o omnivore, p predator, sf suspension feeder, z zooplankton, h suprabenthos ANOSIM; R statistics: *significant at p \ 0.05, **significant at p \ 0.001 consumer groups. The changes were greatest for z, sfs and ssdfs, indicating a dynamic trophic relationship between these pelagic and benthic consumers, and primary production, as shown for suprabenthos in the Mediterranean (see below).
Due to the importance of the classic food chain (phytoplankton-z-fish) during phytoplankton spring blooms, many studies have focused on the abundance of calanoid Copepoda such as Calanus spp., and demonstrated their influences on recruitment success Biogeochemistry (2013) 113:189-212 205 and stock size of commercially important fish (e.g. St. John and Lund 1996; Beaugrand et al. 2003; Brett et al. 2009 ). Less attention has been paid to suprabenthic animals because of their size and complex lifestyles. Like Copepoda, suprabenthic animals are important prey items for pelagic p (e.g. Scyphozoa) and demersal fish (Hamerlynck and Cattrijsse 1994; Hostens and Mees 1999; Pitt et al. 2008) . Our study has shown more than one end member for d 13 C and d 15 N of Crustacea (Fig. 4) , indicating opportunistic feeding, for example of suprabenthos, on benthic and pelagic food webs. By linking the benthic detritus-based food web to demersal fish (Hamerlynck and Cattrijsse 1994; Hostens and Mees 1999) , suprabenthic animals may occupy trophodynamic roles similar to those of z. While an important macronutrient pathway involves those species that directly utilize macronutrients provided by pelagic primary producers and pelagic p such as fish, a second pathway involves organisms that utilize both pelagic production and POM in the water column and near the seabed. Integration of bulk C and N stable isotopes and CSIA of PLFAs reveals a high diversity of trophodynamic pathways with several potential food webs leading from primary producers to higher trophic levels.
A wide range of trophic positions has been reported for suprabenthic fauna from across the Mediterranean (see Darnaude et al. 2004; Madurell et al. 2008; Fanelli et al. 2009a Fanelli et al. , b, 2011 , making direct comparisons difficult. Ampelisca spp. (Amphipoda), for example, in the Tyrrhenian Sea have been associated with the benthic detritus-based food web (Fanelli et al. 2009b ), but showed isotopic signatures (family 1, Fig. 4 ) similar to z species in this study. Bulk SIA revealed high trophodynamic complexity for all faunal groups, particularly the Crustacea. Some suprabenthic genera such as the df Westwoodilla caecula (Oedicerutidae, family 36, Fig. 4 ) and the sf Melphidippella macra (Melphidippidae, family 31, Fig. 4 ) exploited different carbon and nitrogen sources despite being taxonomically related. According to the lipid fingerprints of W. caecula, the FA ratio of [18:1(n -9]:[18:1(n -7)] indicates herbivory rather than a carnivorous diet for this species.
Suprabenthic species commonly forage at night in the pelagic primary producer-based food web and feed on deposited material by day. This feeding strategy was observed from d 13 C and d 15 N of results from this study (Fig. 4) and may be used to explain their trophodynamic positions. Taxa with lower d 15 N but higher d
13
C values (such as the suspension feeding Diastylidae, Lampropidae and Hyperiidae) may selectively feed on 'fresh' phytoplankton (with low d 15 N), but also on more 13 C enriched POM. Variability in feeding behaviors may result in closely related taxa exhibiting fundamentally different trophic positions, due to feeding preferences which need to be considered when interpreting data. For example, for macrofaunal crustaceans, the d 13 C and d 15 N values of the burrowing sf Upogebia deltaura (Decapoda, family 48), the df Gastrosaccus spinifer (Mysidae) and the omnivorous Crangonidae (Decapoda, family 13) indicate that all three families are potential z p, but this is unlikely considering their feeding modes and habitats in semi-depositional sites such as the Oyster Grounds. Suprabenthic species assemblages also tend to be a complex compartment (Fanelli et al. 2011) , particularly in environments where the benthic domain receives high quality sedimenting matter (e.g. high organic carbon content).
Species-specific evaluation of PLFA compositions, FA ratios and d 13 C PLFA signatures provided further insight into the trophodynamics of consumers. For instance, the FAs 20:1(n -9) and 22:1(n -11), typical components of calanoid Copepoda (Lee et al. 1971; Graeve et al. 1994; Hagen and Auel 2001) occurred in A. opercularis (Bivalvia, data not shown) and S. ornata (Mysidacea, data not shown), which suggested Copepoda-derived PLFAs as a potential macronutrient source. However, this concurred with bulk SIA signatures only for S. ornata, and signatures were approximately within one trophic step of small copepods such as Temora sp. and Centropages sp. (Fig. 4 ; numbers 47 and 8, respectively). The combined evaluation of FA ratios of ( P 18:y):( P 16:y) and of DHA:EPA indicated Bacillariophyceae were more important as a food source than flagellates for the suprabenthic C. rubicunda (Cumacea) and W. caecula (Amphipoda), while other suprabenthic species cover more carnivorous ecological niches (Fig. 7b) . FA ratios indicated also differences in food preferences among the Bivalvia of the present study (Fig. 7a ). Potential differences in food preferences were supported by lower DHA:EPA and [18:1(n -9)]:[18:1(n -7)] of A. echinata, A. opercularis and P. septemradiatum (0.3-0.5) indicating a larger degree of herbivory. In particular A. islandica, attaining ages [400 years, may provide long-time-integrated inferences of end member d 15 N signatures.
End member isotopic composition
Primary producers, particularly phytoplankton, rapidly transform and incorporate dissolved inorganic elements into organic material, driving numerous biogeochemical fluxes characterizing food web dynamics. Assuming low trophic plasticity, sfs and ffs may provide approximate but conservative estimates of large-scale long-term trends in isotopic baselines (Post 2002) . Since the food supply, the filtration rates, and the assimilation efficiency vary among ffs (Winter 1969) , determinations of primaryconsumer-derived d 15 N baselines are intrinsically convoluted. There are also often rapid short-lived changes in the isotope baseline signatures attributable to the herbivorous and microbial loop food webs whose attenuations towards higher trophic levels are complex and not well-understood (Hoch et al. 1992; Voss and Struck 1997; Vanderklift and Ponsard 2003; Caut et al. 2009) (Fig. 3a, b) . Thus, d 15 N POM was not suitable for the calculation of trophic levels (c.f. Fig. 2a-c ). At the z consumer level, this was likely attributable to lag-effects between short-term variability at the producer level and the manifestation of these changes in isotopic signatures of higher trophic levels. Moreover, the propagation of changes in isotopic signatures from small invertebrates at the base of the food web towards higher trophic levels tends to attenuate, because of slower growth and tissue turnover and because larger animals usually integrate isotopic signatures over much greater spatial and temporal scales (Rolff 2000; O'Reilly et al. 2002; MacAvoy et al. 2006) .
Nonetheless, at longer time scales long-living species such as A. islandica represent excellent indicators for climate-induced controls of North Sea trophodynamics (Witbaard et al. 2003) . d 15 N-derived primary producer baselines using A. opercularis as proxy organisms tend to reflect physical-oceanographic features including depth, temperature and salinity of the North Sea (Laevastu 1963; Otto et al. 1990; Jennings and Warr 2003) and match hydrographic isoscapes presented by Harwood et al. (2008) .
Bivalvia isotopic data of the present study were compared to the values given by Jennings and Warr (2003) (Mariotti et al. 1984; Middelburg and Nieuwenhuize 1998; Middelburg and Herman 2007) . The overall mean (±SE) value for Bivalvia in the Southern Bight was 9.5 ± 0.2%, but lower d 15 N values were recorded at the North Dogger site (6.2 ± 0.3%) which concurred with isotopic signatures of A. opercularis (Jennings and Warr 2003) and demonstrated that the site north of the Dogger Bank may be more representative of the northern North Sea. A. islandica were on average more 15 N and 13 C enriched than other Bivalvia. Whether such differences in isotopic signatures were attributable to food preference for Dinophyceae and Cryptophyceae rather than for Bacillariophyceae (Shumway et al. 1985) , reduced assimilation efficiency with increasing age (Winter 1969) , species-specific isotopic fractionation, and/or more recent changes in the isotope baselines (d 13 C, d 15 N) in the northern North Sea were not the scope of the present research and remained to be assessed. Biogeochemical modifications of settling POM and ecophysiological controls on phytoplankton isotopic composition may further introduce uncertainty in primary-consumer d 13 C baselines. One of the factors influencing biogeochemical cycles is the depth of the sampling site. Increased water depth may, for example, influence the magnitude of primary production due to thermal stratification of the water column over summer and the development of deep chlorophyll maxima (Weston et al. 2005 , van Leeuwen et al. 2012 . Biogeochemical processing of POM in the water column, typically around the pycnocline, contributes to the development of deep chlorophyll maxima, which may partly account for isotopic imprinting of phytoplankton and sedimenting organic matter. Such imprinting could for instance account for the d 13 C difference of 6% between T. bellis (Hydrozoa; -23.8%), which fed for up to 4 months in surface waters of the North Dogger site, and benthic sfs (-17.6%) at this site, and therefore represent the carbon source of T. bellis in surface waters and not POM consumed by benthic organisms.
Factors such as these, which influence isotopic signatures, have important implications for dietary mixing models and estimates of trophic position, particularly for animals with smaller body sizes and short life cycles. Uncertainty in these estimates together with short-term isotopic variability of POM which are too short-lived to fully propagate to higher trophic levels may cause diet-tissue discrimination factors to be insufficient for these animals (Minagawa and Wada 1984; Sweeting et al. 2005) . This is because changes in isotopic signature as a result of dietary shifts do not instantly manifest in isotopic signature of consumer tissues, but lag over a transition period of time required for equilibration (Sweeting et al. 2005) . For higher trophic levels with larger body mass and longer isotopic turnover tissue, such as fish and elasmobranchs (Logan and Lutcavage 2010) , these diet-tissue discrimination factors are likely to have a bigger influence on mixing models and estimates of trophic position. It remains unclear which ecohydrographic factors have the most important influence on the isotopic composition of consumers.
The present study also revealed differences in isotope signatures of higher trophic levels. Mean bulk d 15 N signatures of demersal fish from this study (data not shown) were *1.1% lower than reported by Jennings et al. (2001) , whereas fish off Belgium (Das et al. 2003) were 15 N enriched by 2.9%, when compared to fish collected at the Southern Bight site. Assuming a d 15 N fractionation of 3.4% from prey to consumer (Minagawa and Wada 1984) , Perciformes (Ammodytes sp., Pomatoschistus sp.) and Pleuronectiformes (Microstomus sp., Hippoglossoides sp.) off Belgium (Das et al. 2003) were approximately one RTP higher than estimated for the same species during the present study. Overall, the current study demonstrated isotopically enriched baselines in the Southern Bight as compared to the other sites. Isotopic enrichment may be related to terrestrial run off and concomitant influx of UK nutrients and POM, which enter the southern North Sea via the Thames, the Humber and the Wash estuaries (Nedwell et al. 2002) . Abundances of bacterial FAs observed in z (Kürten et al. (2011) , this study) suggest that the microbial food web plays an important role in trophic dynamics in the Southern Bight.
Conclusions
The present study furthered species-specific examinations of isotopic signatures of pelagic and benthic North Sea fauna, their lipid compositions and their potential food sources by evaluating bulk SIA, PLFA marker ratios and d 13 C PLFA . The study strengthened the notion that isotopic signatures of ffs (Bivalvia) in the North Sea tie in with North Sea isoscapes, whilst these isoscapes resemble the hydrography of the North Sea. It was shown that the observed seasonal variability of d 15 N signatures was larger for detritivorous animals, compared to ff; the latter emerge again as suitable organisms for studies of the isotopic phytoplankton baseline at long temporal scales. However, consideration of differences in temporal resolution are necessary when adopting estimates of d 15 N-derived primary producer baselines from long-lived species such as A. islandica (this study), or those with a shorter life-time such as A. opercularis (Jennings and Warr 2003, this study) .
Providing substantiation for similar trophodynamic roles of z and suprabenthic animals as mediators of energy towards higher trophic levels, the present study highlighted the general suitability and complementarity of the three biogeochemical approaches for trophodynamic studies. Two main energy pathways are suggested: one macronutrient pathway involves z and ffs taxa that directly utilize macronutrients derived from pelagic primary producers, whereas the second pathway involves organisms such as suprabenthos and df that consume primary producer-derived food of the pelagic zone, though relying additionally on food supply from sedimentation of POM. Thus, by feeding on primary producers and partly remineralised organic matter, suprabenthic animals link the benthic detritus-based food web to demersal fish (Hamerlynck and Cattrijsse 1994; Hostens and Mees 1999) , whilst supplying macronutrients such as essential FAs to higher trophic levels. We therefore suggest that suprabenthic animals and z exhibit similar trophodynamic functions. Z and suprabenthic animals obviously exhibit diverse lifestyles and feeding habits, apart from their generally short life times. Since isotopic descriptions of trophodynamics over multiple temporal scales of species with differing turnover times are likely to be confounded (Sweeting et al. 2005) , it is possible that in the natural environment small primary consumers, if short-lived, tend not to attain isotopic equilibria with their diet. Since increasing abundances of smaller organisms in the North Sea Christensen and Richardson 2008) , as well as biological regime shifts over the last decades (van Beusekom and Diel-Christiansen 2009) have been documented, further analysis of the biodiversity, abundance and trophodynamic importance of the ecological niches that suprabenthic animals occupy may significantly improve the understanding of North Sea food webs. Seasonal variability in trophodynamics may have further implications for numerical ecosystem models that make use of static trophic positions defined by phylogenetic associations.
